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Introduction

* Super-K(1998), MACRO and Soudan-2 : atmospheric neutrino anomaly explained as v ,— v,
oscillation

* K2K and MINOS (accelerator): confirmation of the Super-K v, disappearance signal
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Challenge

Detection of v. CC interaction by a full reconstruction of the primary interaction and
observation of the tlepton decay topologies.

T decay kink 7 _
\ /7 - Decay topology B.R.

TT D U Vv, 17.4%

_____ T- D e v, Vv, 17.8%

- = h v, n(n°) 49.5%

1 D> nwta e v, n(n°) | 14.5%

Nuclear emulsions + Lead (ECC) “active target”

* 3D particle reconstruction
.#-{I ° Sub-micron spatial resolution

High background rejection (S/B ~ 10)
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Oscillation Project with Emulsion
tRacking Apparatus

Emilia-Romagna
Monte-Maggiorasc
Monte-Prato
Monte-Giovo

Monte-Emilius
Piemonte

GRAN SASSO

* Long baseline neutrino physics experiment
* CNGS quasi — pure wide band v, beam, <L>=732 km, <E> = 17 GeV optimized to

maximize the number of v _CC interactions _ w0
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Lﬁ? LNGS — Gran Sasso National Lab

The largest underground laboratory in the world (180 000 m?)
about 3100 m.w.e. shielding

CNGS neutrino beam

N

1 cosmic muon /m?/h
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The OPERA collaboration

http://operaweb.Ings.infn.it

28 institutions - 140 physicists

il il
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LNF Frascati !
LNGS

Napoli Hamburg
Padova

Roma E
Salerno
I_] IRB Zagreb

LAPP Annecy Image taken using OPERA nuclear emulsion film

IPHC Strasbourg with pinhole hand made camera

courtesy by Donato Di Ferdinando
n METU Ankara
VP Aichi
LHEP Bern
E ﬁk.f:’i' . Toho

INR Moscow
LPI Moscow

Kobe SINP MSU Moscow
Technion Haifa  jjnjj, Nagoya JINR Dubna
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ECC target brick

1 mm

Changeable interface
film (CS)

2 emulsion layers (42 um thick)

poured on a 200 um plastic base

57 emulsion films + 2 CS interface sheet Ref: NIM A556 (2006) 80-86

56 X 1 mm Pb (lead + 0.04 % Ca) plates Ref: JINST 3 P07002 (2008)

ar Germany)
C.Sirignano




< SM1 x SM2 ::3::5:2:... .§E:::5::::

i | 1. Extract Brick and CS, scan CS.
i | A | ’Illlll" | ,m..,,ﬁj 2. Confirm the event in the ECC brick.
T il I )
VA L s Develop the brick and send fi Ims to scannin Iabs
s O ] B 3. peecn e o Ims t0 scanning |
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Target area: (ECC+CS + Muon spectrometer

planes of scintillator strips) (Magnet+RPC+PT) Brick Manipulator System

~ 150.000 bricks in total.
1.25 kt mass
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CS interface films scanning

Event: 9287104709, 14 Oct 2009, 18:14 (UTC), XZ projection I EO = | D 2
s fis . wE Entries 224
qi_ e o il i 1 | Ul 40 F Maaon 2277
S .!F,-—*"’ i s E RMS 10,51
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: ete 0 E Sigra 2,370
Event: 9287104709, 14 Oct 2009, 18:14 (UTC), YZ projection - Selected brick -
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Position accuracy of the electronic predictions
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Event: 9202079439, 21 Jul 2009, 15:34 (UTC). XZ projection I
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Interface emulsion films: high signal/noise B L B

ratio for event trigger and scanning time reduction _ o (re€)
Angular accuracy of the electronic predictions
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Emulsion film scanning

EU: ESS (European Scanning System)

o ‘ . 2
Scanning speed/system: 20cm*/h e Scanning speed/system: 75cm?/h

e High speed CCD camera (3 kHz),
Piezo-controlled objective lens

e FPGA Hard-coded algorithms
Both systems have:

e Customized commercial optics
and mechanics

e Asynchronous DAQ software

e ~ (0.3 um spatial resolution
e ~ 2 mrad angular resolution
e ~95% detection efficiency on a single emulsion film

NUFact15 Rio de Janeiro C.Sirignano 11



Interaction Vertex finding

Track follow-up film by film:

- ] csd
. . . ] /
e alignment using cosmic ray tracks | y @
. . . . . —_— ] x -
e definition of the stopping point u d _
L P P
V“’ > Vi

180 Entries TE3 < I\ — _— _
Jeob ¥ ndf 495425 P< .
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140 Mean  0.4731+ 0.0690 < N[

2 Sigma 1.837 + 0.068 M
120~ ]
100 — [ |

3 c ~2 um =0l
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oF L L Ref. JINST 4 (2009) P06020
R - | ] 5 T '1=\x L
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Volume scanning (~2 cm3) around the stopping point
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Location efficiency evaluation

The complete location procedure ( electronic data followed by emulsion analysis)
was simulated for efficiency evaluation.

Data-Monte Carlo comparison of the
location efficiency as a function of the
visible energy in the target scintillators

[JHEP 11 (2013) 036]
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Decay search procedure

lead emulsion . . . CL
The IP evaluation is a crucial point in order to

detect and reconstruct decay topologies

<
f

Each track is associated to the primary vertex only if

AZ |
IP <10 pum AZ < 500 pm
IP < 5+0.01 *AZ um AZ > 500 um
w — 25
gﬂﬂﬁ_ﬂ_ MC v, CC int E.
Enzz—+ e data EZD:—
N g |
EI:P 15:— Eiﬁ:_
N 2
E i, e o
S [ y
Z T " :
n.osf= = 5 N
: B
R EEFEcE Fererd GETEre By et T DU TR e et e 1 ] [Eur.Phys.). C74 (2014) 2986]
qfl 2 4 G a 0 12 14 18 18 20 DD 200 400 g00 B00D 1000 1200

1P (Lm) AZ (um)
IP of the tracks at the neutrino vertices
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Vv, — V¢ background characterization

CC with charm production

(all channels)
If primary lepton is not

charge is not (or incorrectly)
measured

Hadronic interactions
Backgroundfor t > h Vg

2oueAa|aJ Suisealdap JO Jap.o Ul

Large angle muon scattering
Background fort — u

NUFact15 Rio de Janeiro
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MC tuned on CHORUS data (cross section and
fragmentation functions), validated with
measured OPERA charm events.

Reduced by "'track follow down", procedure
and large angle scanning

[Eur.Phys.J. C74 (2014) 2986]

FLUKA + pion test beam data

Reduced by large angle scanning and nuclear
fragment search

[PTEP9 (2014) 093C01]

Measurements in the literature (Lead form
factor), simulations and dedicated test-beams

Reduced to negligible level
[arXiv:1506.08759]

15



Data sample

5 years CNGS run

1.8 - 1029 p.o.t. collected (80% of the design)

1.25 kton initial target mass (150 k bricks)

19505 neutrino interactions collected in the lead emulsion target

o1 10

2008

2009

2010
2011
2012
Total

123
155
187
243
257
965

NUFact15 Rio de Janeiro

1.74
3.53
4.09
4.75
3.86
17.97

Target mass (kg)
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Data analysis

Bricks are ordered according to their probability of containing the interaction vertex
2008-09 completed up to the 4th brick
2010-12 completed up to the 2nd brick

18000 Euenlaracnnal'mclsulnthawge; ,2012,intar,get ................... 1. .......................... 1.

Ewents with at least 1 brick extracted : = : : :
Events with ot least 1 CS scanne a . .................... - ......... extracted .................. . .......................... _
Ewvents with a poaitive CS5 result 2 : i : : :

ot veith & Briok cammad 011 . ................ c.s..s.(i.:.an.ned ........ ..........................

Inter i I kn the bricks
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14000
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: : e ! : :
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v, gallery

2" candidate (2012): T — 3h

1St candidate (2010): Tt — h

[
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parent e —am
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daughber

T=2pV,
p-=2>n’
JHEP 11 (2013) 036

Phys. Lett. B 691 (2010) 138 n’ = yy

3" candidate (2013): T > u

. Decay veries
Frimary verias
[ ey
hadron - —_—
QAMMR
——

-
—

e
parant

PTEP (2014) 101C01

Phys. Rev. D 89 (2013) 051102




Fifth v, candidate

500 um

[arXiv:1507.01417] submitted to PRL
NUFact15 Rio de Janeiro C.Sirignano
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Fifth v_candidate

CS films scanning results

| Brick 130577 |

Sig:na'l of e.m. shower

10°
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ECC scanning results

plate
15 A

e

d

Z p1
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Fifth v_candidate

PARTICLE IDENTIFICATION

M
- 4

primary particle | 7
pPrimary particle

BRICK 1 CS1 BRICK 2 52
Primary particle -% Charm hypothesis
discarded

Followed in the downstream brick
Hadronic re-interaction: 1 visible particle

Daughter ~—3»  Hadronic decay
Hadronic re-interaction in the first brick channel

NUFact15 Rio de Janeiro C.Sirignano



Fifth v_candidate

NUFactl5 Rio de Janeiro

= 0.6/
z
<) 0.4_—
0.2- o
[ T direction
O 2 / >
02F
[ A =151°
04+ O
086 04 02 0 02 04 06
P, (GeV/c)
Parameter Measured value Selection Criteria
Agrm (?) 151+1 =90
PP (GeV/c) 0.3+0.1 <1
Orink (mrad) 90 £+ 2 >20
Zdee (M) 634 + 30 [44,2600]
p*"Y (GeV/c) 11+ >9
pgfy (GeV/c) LOié:i >0.6 (no 7y attached)
C.Sirignano
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Fifth v, candidate

= Candidate event

— MC \/TCC t—1h

1 _|T‘_— L
10 15 20 25 30
oy (GeWc%

.......

5 04
o |
03—
02—
o= Bl 2|54 1
ou_l|||1|0||||2|0||||3|D||..4:0.."0
psum(Geth

NUFact15 Rio de Janeiro
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Sum of the visible tracks’ momenta
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v, analysis results

Observed Data: 4 hadronic + 1 muonic candidates

Expected

Channel } Expected signal | Observed
background
T — 1h | 0.04 4 0.01 0.52 £ 0.10 3
T —3h | 0.17 £ 0.03 0.73 £ 0.14 1
T — p [0.004 £ 0.001 0.61 = 0.12 1
T — € 0.03 += 0.01 0.78 £ 0.16 0
Total 0.25 £+ 0.05 2.64 4= 0.53 5]

P-value =1.1-107"7

Exclusion of background-only hypothesis: 5.1 o

NUFact15 Rio de Janeiro

C.Sirignano
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Measurement of Am5-

4F

o< (Arn,32)2L2 d(E)e
A

N, o fqb(E) sin® (Am—gzl’) e(E)o(E)dE

~43 km/GeV

opera

(“/ &)
( )

(/i) pp gy ~500 km/GeV

/

Am3; dependence

90% C.L. intervals
by Feldman & Cousins method

Am3; = [2.0 —4.7] 1073 eV?
(assuming full mixing)

NUFact15 Rio de Janeiro

OPERA (T appearance)

DAYA-BAY (normal) |
PRL 112 (2014) 061801

T2K (normal) L.
PRL 112 (2014) 181801
MINOS (normal) s
PRL 112 (2014) 191801
PDG 2014 |
IIIII||||||||||I||||||||||
1 2 3 4

5 6
Am,, (10%eV?)

C.Sirignano
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Sterile neutrinos

Appearance probability be modified by one extra (sterile) state (3+1 scheme)

~ standard oscillation pure exotic oscillation
A A
2 2 . 2 —31 2 2 . o S4a1
Pu“—nj..- - 4|U;13| |U1'3| sl —— +/1|U,u.4| |U’rd| S1I P
e 2
+ 2?}?[U}:4UT4U”3U:3] sin Agl sin A41
w A
* - 2 31 .
é " — AU, ,UrqU,3U ] sin —, sin A
T E
o £ > Ag A
T . 31 41
g & +8R[U,,U-aU,3U ] sin® sin’
= 2
AS[U*,U,4U,3U%,] sin As, si 2 Ba
+ 458 paUralpsUZg| sin Az, sin >

—

M T
_ 1035
% - R
3 L
-
10_5....._ T CTTEPN
- 90% CL
E — OPERA IH
e L e Y-
10° =
10.4 1 L IIlIIIi 'l 1 IIIIlIi L L IIIIII!é
10* 107 107 107 ) 1
sin® 26,

[JHEP 074 (2015) 0315 ]

) .. 2 )
First limits on |U,4| |Uz4|? from direct measurement of v,

NUFact15 Rio de Janeiro C.Sirignano
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Preliminary OPERA updated results (5 v, events)

Red line: 41 i

: Red line 4t
| Black line: 5t | %

Black line 5t

[ Y
=TT

m

-

s . ]
; b

NH LH.

10 Y E— ] Y PPN P I PPN ISP I AU ARV IS I
b 5 0B 7 : .w?aa 0 o1 02 03 04 05 08 07 08

Full analysis with GLOBES
(matter effects, Am?,, included,
profiled out on Am?;,)

=

2 i

cgq 107} == OPERA L.LH. 90% C.L.
=== OPERA N.H. 90% C.L.

| NOMAD 90% C.L.

CE] CHORUS 90% C.L.
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Old result from 2008+2009 data sample (30% of total)

V, >V
° € E<20 GeV

>~ 8
% . - oscillated v, by 3 flavor oscillation | V. Ca ndidates 19 4
2 v, beam contamination i
& 4 3 background 19.84+2.8 4.6
% BG fromt1— e %
3 5 BG from NC with 70 3
£ ‘
Z —+— Data

4

. Compatible with expectation from
- intrinsic v, component in the
- CNGS v, beam: 0.9%

e \ 4

1 I 1 L 1 I 1 L 1 I 1 1 I 1 1 I 1 1 1 I 1 1 l

40 60 80 I‘IOO‘ 120 140 I160I . .
Reconstructed energy (GeV) We may put rough limits to exclude

JHEP 4, 1307 (2013) mixing on 0,, with a 2 flavour model

'

w

N

(=]
© IIIIAlllllllllI|||IIII|IIII|IIII|I|II

N
o

** Very approximate analysis, see e.g. A.Palazzo, PRD 91, 91301(R) (2015)
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NEW study on-going : v, candidates selection

OPERA v, candidates (preliminary plot)

> F |
S ol PRELIMINARY
~ L 'z
2 |
z 6
s
ol
x +
0 o e b e e e b b e b ey by
0 20 40 60 80 100 120 140 160
Reconstructed energy (GeV)
E<20 GeV
v, candidates (30% data) 19 4
v, candidates (all data) 52 9

PRELIMINARY

NUFact15 Rio de Janeiro

C.Sirignano

by emulsion analysis on the full data sample

OPERA data / MC comparison (ED level)

10°

102

10

— MC: v, CC
— MC: v, NC
OPERA data
v, found

1071 =

0.8

-0.6 -0.4 -0.2 0.2 0.4 0.6

0.
Vv, like BDT value

Good confirmation of v,events
from Electronic Detectors
(via Boost-Decision-Tree)
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Conclusions

* 1.8x10% pot by CNGS from 2008-12 (80% of design).
* Analysis of an extended data sample. Improved background evaluation
* 5w, candidates so far with a 0.25 event background

* No oscillation hypothesis excluded at 5.1 o.
- discovery of v, appearance in the CNGS beam

* Search for anomalies in v, —» v, and v, — v, at a peculiar L/E.

: - 2 :
First limits on |Uu4| |U.,|? from direct measurement of v, .

NUFact15 Rio de Janeiro C.Sirignano
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Event: 9234119599, 22 Aug 2009, 19:27 (UTC), XZ projggtign

o [ J P —
3 L
&g L I
I I >
T 5 “F '
g ir T
v L L i i
g r ' II F ,' L 1}
E — il
3 - ' i
S C H .
o L
Event: 9234119599, 22 Aug 2009, 19:27 (UTC), YZ projection = Selected brick
* Brick in cell
[ Empty cell
3 [ Fake brick
_g L Row manipulation
gL .
O r g,
- bl L
$ "L = L
]
© C Wk
e

VARIABLE

kink (mrad)

decay length
(nm)
P daughter
(GeV/c)

Pt daughter
(MeV/c)

missing Pt
T ->p(mnd)v, (MeV/c)

1000 um

Ref :Phys.Lett.B691:138-145 (2010) ¢ (deg)

AVERAGE

41 + 2

1335 = 35
12 +6_,
470 *230_,,
570 *320_;54

173 = 2



Kinematical cuts for a candidate event

LEAD LEAD LEAD LEAD

E 20
P (Gevic]

b 01 02 03 04 05
glcl:nk {rﬁd'ﬂ

1_
05
L 1 I I I I I 1 . _u IR ST S Y SR SN NN SN AN TN TN N A N N I L I I | I I | L 1 I
0 0.5 1 1.5 0{} 50 100 150 {}{} 1 2 3

pirr (GeVie) Ad (degrees) p’T"‘” (GeVic)



Second v, candidate




v, — v, oscillation search Ref: JHEP 11 (2013) 036

[T Ewents TEIVIOTEE, 23 Apr 011, 8718 UTCH X2 projecton l

Interaction Vertex
in Lead plate
With one Nuclear
fragment

Columns (top view)

P WD ——
100 "

[ Bt WOTIDRNOTS0, 20 Apr M1, ST TCL Y2 e

-
>

Decay point

In Plastic Base

No Nuclear fragment
Flight length 1.54mm

Rows (side view)

Secondary Interaction
In Emulsion

With four Nuclear fragments Event kinematics

No muon detected at the primary vertex: Phi (Tau - Hadron) [degree]

track other than t lepton candidate
not compatible with muon hypothesis
based on momentum - range correlation

average kink angle [mrad]

Total momentum at 2ry vix [GeV/c]

Min Invariant mass [GeV/c?]

Invariant mass [GeV/c?]

Transverse Momentum at Iry vix
[GeV/c]

NUFactl5 Rio de Janeiro C.Sirignano 35



\ Event: 12123032048, 2 May 2012, 10:12 (UTC), XZ projection ]

340

30 I.-I '

Third v, candidate

281

Columns (top view)

[L1
20 [—
[ra
o0 13
Id
s

15 2 2 2
600 500

26

2

\ Event: 12123032048, 2 May 2012, 10:12 (UTC), YZ projection ]

~ Decay vertex
Primary vertex
== ————__muon
hadrof———————____
VARIABLE AVERAGE
kink (mrad) 245 + 5
decay length 376 + 10
(nm)
P daughter
(GeV/c) 2.8 £ 0.2
1000 Pt daugh’rer'
(MeV/c) 690 =50
¢ (deg) 1545 + 1.5

PHYSICAL REVIEW D 89 (2014) 051102(R)
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LEAD LEAD LEAD LEAD

— tMC I
— data 1__ |
0.5F
L __n L L L | L L L |
Q1 00 10 20 30
p“ (GeV/c)
ik
0.5
0_ 0_ TR R | | |

b 5001000 0 50 T00 150 20 30 40
piry (GeVl/c) A¢_ (degrees) p.. (GeVic)
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Event: 12254000036, 9 Sep 2012, 22:00 (UTC), XZ projection

fourth v_candidate

Selected brick

Brick in cell

Empty cell

Fake brick

Row manipulation
Second predicted brick
Third predicted brick

Rows (side view)

600

Brick finding information: Super module 2 Muon track parameters:

Momentum: N/A
Tangent angle X2: N/A

BrickId Wall Side Column Row Prob
brick 1: 1092217 20 -1 5 16 0.77
brick 2: 1089442 20 -1 5 15 0.12
brick 3: 1000527 21 -1 5 16 0.07

Tangent angle Y2: N/A




fourth

v, candidate

Brick 92217
x10

CS scanning results

120
2 [
> 100/ ;
80| i
30:_ ..... .......... 4 .............
C f a f
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fourth v_candidate

Side view
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fourth v_candidate
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CS tracks |
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Fourth v_candidate
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Validation with the CNGS charm events sample

Charm and T decays
are topologlcally

Test for: reconstruction efficiencies, description of
Slmllar

kinematical variables, charm background.
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Improvements On The Background Rejection

Large angle track detection

Undetected soft and large angle muons are the source of charm background
Detection of particles and nuclear fragments in hadronic interactions

recognition efficiency (
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Large angle p scattering

CNGS v, CC muons on Lead 1< p, <15 GeV/c

weighted scattering events
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Large angle p scattering

New estimate based on GEANT4

- Simulation modified by introducing

form factors (FF) for Lead

(Saxon-Woods parameterization)

r—b

psw () = po (1 +€T)_1

IEEE Transactions
on Nuclear Science
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Background Studies: Hadronic Interactions

Comparison of large data sample (=~ beam test at CERN) with Fluka simulation
=P Check the agreement and estimate the systematic uncertainty

Track length analysed in the brick:
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Nuclear Fragments Emission Probability

Nuclear Additional background reduction

Fragments
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Hadronic background: m test beams

CERN 7 test beam g .
E f Interaction rate
2 M ﬁzsn_—
e 2 : i
é ]'f‘ Kink angle (1 prong) g r
z E E, =2 GeV 2 150 . i data |
12f - ! FLUKA S|mulat|on
10f-—- 10—
s F | | |
o sof—
£
JF = -
7 Uil T 77 S R RS B R R
Uﬂ A 01 L ‘0.2 IU.3l : 'ﬂ‘.4l = ‘0.5 L Iﬂ.l’r‘ L n 2 4 f R 10 I”
Emisstion angle (rad) > 1
‘ | 5 09— Probablhty of assamated
Nuclear fragments: a smoking gun for the s 0-8—'“nuc ear fra ments
occurrence of an r interaction instead of a =i Mo E e g ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
decay Nuclear Ii -} g 0.6§ 77777
\ - l~ragmemc . ‘, ‘;: § 0_5; ,,,,,,,,
. : 3 g 0.4;
. f / 2 03F
| ! £ 0%
\ \ ;’ / B et oSSty S IS S
\\ \ / ;5 g = = - - % -8 L =
% 2 4 6 g 0 1

Beam Momentum (GeV/c)

Hadronic background rate per located event: T — (3)h = (1.5)3.09 10~°



